The promoter region of a replicationdependent histone H3.2 gene contains a putative DNA binding site for the Jun oncoprotein within a 32-nucleotide regulatory domain. The hamster sequence differs by one nucleotide from the AP-1 consensus sequence found in several promoters responsive to phorbol 12-myristate 13-acetate. We have identified the factors interacting with this region as 42-and 45-kDa proteins by DNA affinity chromatography, immunoblotting, and UV crosslinking. These proteins, which are candidates for conferring high-level expression to the histone promoter, share an antigenic epitope with the DNA-binding domain of Jun but diverge from it at the amino terminus. The interaction of these proteins with the promoter of a replication-dependent cellular gene provides evidence that members of the Jun oncoprotein family may play specific roles in the expression of genes essential for progression of the cell cycle.
Histone genes offer a unique model system for the study of molecular control mechanisms during the cell cycle. The replication-dependent histones are regulated in part at the transcriptional level so that the rate of histone synthesis directly correlates with the rate of DNA synthesis (1) . Deletion analysis of a Chinese hamster histone (H3.2) promoter region fused to a marker gene coding for neomycin resistance (neo) identified a 32-nucleotide (nt) region, about 150 nt upstream of the TATA sequence, that is important for both cell-cycle regulation and high-level expression in vivo (2) . DNA-protein mobility-shift experiments detected highaffinity cellular components binding to the histone H3.2 promoter sequence (2) . Within this crucial 32-nt regulatory domain, we have discovered a putative binding site for cellular factors related to the Jun oncoprotein family.
Recently, the Jun protein was shown to bind target sequences identical to those of the yeast transcription activator GCN4 (3) and the human transcription factor AP-1 (4, 5) . Immunological crossreactivity and sequence identity of tryptic peptides suggested that the protooncogene c-jun codes for the transcription factor AP-1 or a closely related protein (6) . Both AP-1 and v-Jun are nuclear proteins with enhancerbinding properties (7) . Use of a mouse c-jun clone as a hybridization probe has recently demonstrated that in quiescent mouse fibroblasts, c-jun transcription is rapidly induced during the Go to G1 transition (8, 9) . In addition, a Jun-related protein (Jun-B) is also activated early during the cell cycle (10) . These observations lead to the hypothesis that members of the Jun oncoprotein family, on their own or in complexes, may play specific roles in the control of cell proliferation.
We report here that the promoter of a replication-dependent H3.2 gene is a possible target for Jun-related proteins. The hamster target sequence is similar to the AP-1 binding site but differs by 1 nt. Using DNase I protection, DNA affinity chromatography, immunoblotting, and UV crosslinking, we identified the factors interacting with the H3.2 promoter within the 32-nt regulatory domain as 42-and 45-kDa proteins that share an antigenic epitope with a peptide of the Jun DNA-binding domain but diverge from Jun at the amino terminus.
MATERIALS AND METHODS Plasmids. Plasmids pHhis422, pHhis275, and pHhis49 are subclones of the histone H3.2 promoter (2) into the Sma I site of pUC8. Plasmid pHhis422 contains the Kpn I-Nco I fragment (nt -422 to -2) isolated from pHN7 (2); pHhis275 contains the Kpn I-Sma I fragment (nt -422 to -147) isolated by EcoRI and Sma I digestion of pHhis422, and pHhis49 contains a 49-nt synthetic oligomer (nt -250 to -211 plus a 9-nt extension containing a HindIII restriction site).
DNase Footprint Analysis. The H3.2 promoter fragment (-422 to -147) was prepared by digesting pHhis275 with Pst I and EcoRI. The coding strand was 3' end-labeled at the EcoRI site by filling in with the Klenow fragment of DNA polymerase I in the presence of [a-32P]dATP. The noncoding strand of the simian virus 40 (SV40) enhancer fragment was prepared by 3' labeling of the 0.25-kilobase Nco I-Asp718 fragment from pSVGCO as described (7) . AP-1 was purified from HeLa cells (4) (provided by R. Tjian). Bacterially expressed v-Jun and chicken c-Jun were purified as described (7, 11) . Whole-cell extract was prepared from serumsynchronized hamster fibroblast K12 cells in the late G, phase of the cell cycle (6-8 hr after addition of fresh serum), according to Manley et al. (12) . The protein concentration of the hamster extract was 8 ,ug/,u. The DNase footprint reactions were performed as described (7) . For footprints with purified proteins, the final concentration of DNase I was 40 ng/ml in a 100-,ul volume for 1 min at room temperature. For footprints with total cell extracts, 1,ug of poly(dIdC) was added to the binding reaction and the concentration of DNase I was 640 ng/ml. The digestion products were deproteinized by extraction with phenol/chloroform, ethanol-precipitated, and separated in 8% polyacrylamide sequencing gels.
DNA-Protein Mobility-Shift Assay. The DNA probe was prepared by digesting pHhis49 with HindIII to generate a 72-nt fragment (45 nt of the synthetic oligomer plus 27 nt of the pUC8 polylinker sequence), which was end-labeled with the Klenow fragment. The binding reaction mixture (20 ,u1) contained 1 ng (20,000 cpm) of DNA, 10 mM Tris HCI (pH 7.5), 50 mM NaCI, 1 mM dithiothreitol, 1 mM EDTA, 5% (vol/vol) glycerol, and 1 ,g of poly(dI-dC), with 3 ,g of hamster whole-cell extract protein or 4 ,ul of affinity-purified protein fractions added last. tTo whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 86 (1989) in the binding reaction mixture. The Jun-specific peptide antibodies have been described (4, 7) . The GRP78 antibody was a polyclonal antibody raised against the amino-terminal peptide of the 78-kDa glucose-regulated protein (13) . Indicated amounts of antibodies were added 25 min after addition of extract and incubation was continued for 25 min at room temperature. The complexes were resolved in low-ionicstrength 5% polyacrylamide gel at 135 V for 2.5 hr (2). DNA Affiity Chromatography. A DNA affinity column was prepared by covalently coupling the 49-nt doublestranded synthetic oligomer to CNBr-activated Sepharose 4B (14) . The column (400 ttl), after equilibration with binding buffer (10 mM Tris HCI, pH 7.5/50 mM NaCl/10 mM EDTA/ 1 mM dithiothreitol/5% glycerol), was loaded with 4.5 mg of hamster whole-cell extract mixed with 60 Ag of poly(dl-dC).
The eluate was reloaded and the column was washed with binding buffer. The protein was eluted with 1.0 M KCl. Immunoblotting. Proteins were electrophoretically transferred to nitrocellulose and probed with the indicated antisera as described (7), except that the substrate was 4-chloro-1-naphthol. To avoid a nonspecific reaction of the antibody preparations, all sample buffers were devoid of 2-mercaptoethanol.
UV Crosslinking. A fragment spanning nt -422 to -2 was isolated from pHhis422 by digestion with EcoRI and HindIII. This fragment was digested with HinfI, dephosphorylated with calf intestinal phosphatase, phosphorylated with phage T4 kinase and [y-32P]ATP, and religated with T4 DNA ligase. The ligated mixture was digested with EcoRI, BamHI, and Sma I and treated with calf intestinal phosphatase to remove 32p at 5' ends. A 280-nt BamHI-Sma I fragment (nt -422 to -147) internally labeled at the HinfI site was purified by gel electrophoresis and used as probe. The binding reaction mixture contained 4 ,ug of hamster whole-cell extract, 1 ,ug of poly (dIWdC), and 2-4 ng of probe. UV irradiation and micrococcal digestion were for 30 min each (15) . RESULTS AP-1-Like Sequence Motif in the Hamster H3.2 Promoter. The sequence of the hamster H3.2 promoter important for in vivo expression of the histone gene is shown in Fig. 1 . It was previously observed that the marker gene neo, when fused to 241 nt of the histone H3.2 promoter, expressed a high level of neo mRNA and was regulated during the cell cycle (2). However, when the histone promoter was deleted to 222 nt, the neo mRNA level decreased. The difference in neo RNA levels between G1-and S-phase cells diminished in the majority of the transfectants. Deletion to nt -209 resulted in a further decrease of basal promoter activity and the loss of cell-cycle regulation. In addition, a synthetic DNA sequence containing the regulatory domain (nt -250 to -211) is capable of eliminating the expression of the H3.2 promoter in in vivo competition assays (ref. 18 ; A.P.-F. and A.S.L., unpublished results). Based on these results, we concluded that at least part of the transcriptional regulatory sequences required for maximal expression of the histone H3.2 gene resides between nt -241 and nt -222.
A motif similar to that of the consensus AP-1 sequence was found on the noncoding (lower) strand of this regulatory domain at nt -231 to -238 (Fig. 1) . The core of the AP-1 binding site consists of the sequence 5'-STGACTMA-3' (S = C or G; M = C or A), which is conserved in several promoters responsive to phorbol 12-myristate 13-acetate (16, 17) . 5' binding properties similar to the cellular homologue of the v-Jun protein.
Identification of the Cellular Factors. To estimate the size ofthe protein factors binding specifically to sequence X in the histone regulatory domain, we took advantage of the Hinfl restriction site GAGTC naturally occurring within the sequence X (Fig. 1A) . A DNA probe (nt -422 to -147) internally labeled at the HinfI site with 32p was prepared and incubated with the hamster cell extracts used for the DNase I footprint protection. After UV irradiation and digestion with micrococcal nuclease to remove excess DNA probe, the resulting complex was analyzed by SDS/PAGE (Fig. 3A) . We observed a doublet at around 43 kDa labeled by this method. In samples without added protein or without irradiation, this doublet was not labeled.
As a first step toward purifying the cellular factors that have affinity for the regulatory domain (nt -250 to -211) within the hamster histone promoter sequence, the oligonu-A B C D cleotide containing sequence X was synthesized and covalently linked to a CNBr-activated Sepharose column. Upon passage of the hamster extracts over this affinity column, we detected several protein bands by silver staining, including a prominent species at 43 kDa that could only be eluted at high KCI concentrations (0.5-0.7 M) (Fig. 3B) . DNA-Binding Activity of Affinity-Purified Factors. Mobility-shift assays were used to screen for the DNA-binding activities of the affinity-purified protein fractions. When a synthetic DNA probe containing the sequence X and its flanking sequence (nt -250 to -211) was incubated with the hamster whole-cell extract used in footprinting, a major complex was observed (Fig. 4A ). This complex was specific for the histone site X and its flanking sequence, since its formation was competitively inhibited by the homologous, unlabeled synthetic oligomer. In the presence of large molar excess of another oligomer containing the octamer sequence (ATTTGCAT) implicated in the cell cycle regulation of histone H2b genes (22) , very little reduction in the complex formation was observed (Fig. 4A) . After establishing the specificity of the DNA-protein complex, we tested equal amounts of column eluates for their ability to form a specific complex with the synthetic site X. The maximum binding activity was retained in 0.5 M KCl eluates, with residual activity eluted at 0.7 M KCI (Fig. 4B) . Neither the flowthrough nor 1.0 M KCl eluates exhibited significant binding activity. The specificity of the binding activity of 0.5 M KCI fractions to the histone promoter site was demonstrated by competition experiments (Fig. 4C) using the mobility-shift assays described above. The unlabeled synthetic site (nt -250 to -211) competed effectively, as did the distal H3.2 promoter fragment (nt -422 to -147) used for DNase I footprint experiments (Fig. 2D) . The proximal half ofthe histone promoter fragment (nt -146 to -2), which does not contain site X, was unable to compete. Further, a fragment containing multiple synthetic AP-1 binding sites was less effective than the synthetic histone site X, suggesting that the hamster factors interacting with site X have lower binding affinity for the consensus AP-1 site. The observations confirm the DNase I footprinting result, showing that the sequence X, as it exists within the context of the adjacent hamster promoter sequences, does not bind AP-1 efficiently.
Crossreactivity of the Hamster Factors with Jun Antibodies. Next, we tested for the crossreactive properties of the affinity-purified fractions with specific antibodies (anti-PEP1 and anti-PEP2) raised against v-Jun peptides. Identical transfer blots of affinity-purified proteins were probed with PEP1 or PEP2 antiserum or with preimmune serum (Fig. 3 C-E) . Affinity-purified bacterially expressed chicken c-Jun protein was included to monitor the reaction. The chicken c-Jun protein was detected with PEP1 and PEP2 antibodies but not with preimmune serum. The sizes of the two immunoreactive proteins from the 0.5 and 0.7 M KCI eluates were estimated to be 42 and 45 kDa, based on prestained size markers run in parallel, and were similar to the size of the protein detected by UV crosslinking (Fig. 3A) . The 42-kDa band appears to be more abundant in the 0.5 M KCI fraction, whereas the 45-kDa band is enriched in the 0.7 M KCI eluate (Fig. 3C) . Whether the 42-and 45-kDa proteins are different or are modified forms of each other remains to be determined. Compared to the 45-kDa band, the intensity of the 42-kDa band is greater in the silver-stained gel (Fig. 3B) (Fig. 4D, lanes 4 and 5) . A discrete complex, as seen in the control (lane 1), was missing; instead, a smear was observed. In contrast, anti-PEP2 [an antibody against a v-Jun peptide from the amino-terminal region (4, 7) ], preimmune serum, and anti-GRP78 had no effect on the formation and mobility of the complex. The (24) . Because AP-1 is a mixture of proteins, it is also possible that c-Jun is represented as a minor species in this particular preparation.
A family of genes encoding Jun-related proteins has been detected by genomic blot hybridizations (4, 10) . Recently, several proteins have been identified with binding affinities similar to that of the Jun protein (4). In the context of cell-cycle regulation, a set of genes that is rapidly activated by protein growth factors has been described (25) . One of these genes (jun-B) encodes a protein homologous but not identical to v-Jun. In mouse 3T3 cells, Jun-B is encoded by a gene that becomes transcriptionally active within a few minutes of addition of growth factors but becomes inactive within a few hours (10, 25) . The histone H3.2 gene, in contrast, is not activated immediately after addition of serum to starved cells. Its transcriptional activation is correlated more with the onset of DNA synthesis in late Gl/early S phase of the cell cycle (2, 20, 26, 27) . Sequence analysis of the hamster factors would reveal whether they are related or identical to the previously reported Jun-B protein.
The serum-stimulated c-Fos protein is now known to bind to protein complexes containing Jun/AP-1, suggesting that Jun/AP-1, in association with other proteins, can potentiate the long-term responses to signals that regulate growth control and development (24) . Further, the activity of an AP-1-related protein, CREB, was shown to be modulated by phosphorylation (28 
